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Abstract 
Incremental forging processes produce permanent deformations by means of repeated localized compressions of the material in 
the work piece. These processes has interest from technological point of view because they can be carried out in CNC machines 
with more flexibility and lower forces requirements than in conventional forging processes. The purpose of this work is the 
analysis of efficiency of the incremental forming process of flat surfaces by means of simple tools, particularly ball end tools that 
are capable of forming the surface with lower axial forces. Then the ball-rolling incremental forging process has been 
investigated and a series of tests have been conducted in order to evaluate the forces produced during the deformation of the 
surfaces and the feasibility of the process. 
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1. Introduction 
Incremental bulk forming processes are increasingly used in industry due to their economic and technological 
advantages. These processes have a high flexibility and require less energy and smaller and simpler tools and dies. 
As described in the literature [1], these processes are generally net-shape, improving both forming ratios and 
properties of the obtained pieces compared to conventional die operations enhancing hardening and grain structure 
of the products. Other advantages of incremental bulk forming processes are that global forces, friction and wear of 
tools are lower, despite the high local loads applied on the tools. In addition, these processes require lower 
investments with lower tooling costs. 
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Examples of incremental bulk forming processes are orbital forming, rotary swaging, roller burnishing [2, 3] or 
localized-incremental forging processes (LIFP) [4, 5]. Incremental forging processes can be carried out in CNC 
machines with more flexibility and lower forces requirements and do not require complex dies. In this case, a force 
is applied on the work piece surface by a punch to produce an impression on the material. The discrete compression 
process causes permanent plastic deformations, that repeated incrementally let forming the work piece by a localized 
incremental forging action [6, 7]. 
The purpose of this work is the analysis of the ball-rolling incremental forging process. First, a comparison of 
effectiveness of various cylindrical tools in the localized-incremental forging process has been simulated 
considering axial forces of the tool as a function of the amount of material displaced. Then the forming of the 
surface by means of a rolling ball tool has been compared with a simple penetration process showing that lower 
forces are required. In this case the forming of the surface by compressing the material with a rolling ball is 
continuous along a determined path producing permanent plastic deformation on the surface. Similar processes has 
been used in material hardening applications, creating on the surface of the part a certain level of residual stress in 
order to improve damage tolerance and fatigue or stress corrosion performance [8, 9].  
In the next step, different test have been done on physical models in order to evaluate the feasibility of the 
process, the surface obtained, and the forces produced on principal axes during the incremental forging operation. 
2. Finite element analysis of incremental forging process 
2.1. Indentation process 
In order to know the behavior of different tools, an elementary indentation process has been simulated with the 
Finite Element code DEFORM. The axial forces of penetration of different tools has been evaluated according to the 
volume of material displaced. This volume has been calculated as a function of the penetration depth (tool stroke) 
and the punch geometry.  The tools considered are: hemispherical punch, fillet-end tool (torical tool) and spherical-
end punch. These tools are defined by R: radius of the tool; Rp: radius of the spherical end of the tool and r: radius of 
the torical end of the tool. 
Three geometries of punches have been analyzed: a) hemispherical punch (R8; Rp8), b) fillet-end tool (R8; r2) 
and c) spherical-end punch (R8; Rp15). Likewise, another spherical-end tool (R15; Rp15) has also been chosen to 
analyze the process. In all cases a friction factor of 0.08 is considered. In DEFORM this is the value to take into 
account for cold forming processes with carbide dies. The material UNS A91100, which is commercially pure 
aluminum with excellent forming characteristics, is used as reference material. The simulation of the cold forming 
process is performed using DEFORM F2 implicit solver by means of a 3550 elements plastic workpiece (upper and 
lower dies are considered rigid) running 200 steps process with intermediate remeshing. 
In Figure 1 it is observed that forces of penetration of the hemispherical punch (R8, Rp8) are always lower for the 
same volume of material displaced. In the case of the spherical punch (R8, Rp15), forces required are lower than 
with the fillet-end punch until the radius of the impression reaches the value R = 8mm. It is due to the fact that for 
the same volume of material displaced, that tool has a lower projected contact area than the fillet-end punch which 
applies higher pressures. 
Curves for the indentation with spherical tools (R15; Rp15) and (R8; Rp15) show the same behavior, until the 
imprint of the larger tool reaches the equivalent radius R = 8mm. From this value the force increases due to the 
increase of contact area with the punch. 
This analysis shows that the displacement of material is easier when using spherical-end tools. The indentation 
forces decrease with the spherical radius Rp until a minimum value is reached that corresponds to the case of 
hemispherical punch (ball-end tool). However, the obtained surface after a multiple indentation process presents 
irregularities that directly depend on the process parameters and on the tool geometry. 
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Fig. 1. Axial forces on punch vs volume of material displaced in an elementary indentation process (UNS A91100 material, cold forming) 
2.2. Ball-rolling incremental forging process 
Next a ball-rolling incremental forging process has been simulated in order to compare the forces required in the 
forming operation. The simulation has been done using the DEFORM implicit solver with a 2081 elements model.  
In an indentation process, the axial force depends on the stroke, the friction coefficient and the tool geometry. In the 
ball rolling forming process the displacement of the tool generates axial and lateral forces on the tool. In this case, 
the relevant forces to take into account are the lateral forces, since during the ball-rolling incremental forging 
operation there is no displacement of the tool in axial direction.  In order to compare the indentation process and the 
rolling process, the loads has been simulated and calculated as a function of the material displaced during the 
movement of the tool.  
Figure 2 show the finite element model of the ball-rolling incremental forging operation implemented in DEFORM. 
 
Fig. 2. Effective stress on the work piece in ball-rolling incremental forging operation 
The case of ball rolling process is interesting because lower forces are required. In this case only the lateral force is 
considered since, in the considered process, there is no displacement or mechanical work in axial direction (axis of 
the tool).  As expected, for the same volume of material displaced, the rolling process requires less force than the 
indentation process. In the first case the registered loads are the lateral loads and for the case off indentation process 
we take into account the axial force applied on the punch. Figure 3 displays loads versus volume of material 
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displaced for the axial indentation and ball rolling process. In both cases a spherical tool of Rp = 8 mm has been 
used. 
 
Fig. 3. Loads versus volume of material displaced (Ball-end tool -UNS A91100) 
3. Methodology and testing procedure 
3.1. Test material 
All tests were performed on tin plates with a fineness of 99.9 %. This metal is very malleable and has the 
advantage of its very high workability. The recrystallization temperature of tin is room temperature and do not have 
strain hardening. This is a requirement for testing in order to prevent machine overloading [10]. Hardness test was 
performed with Emco-test N3 durometer using the Brinell Hardness scale (ball indentation). In the Brinell hardness 
scale the indentation is measured and hardness calculated as [11-15]: 
 
 22. 2 dDDD FHBS  S          (1) 
  
where F is the applied force (kgf), D the diameter of indenter (mm) and d the diameter of indentation (mm).  
Considering the material, a force of 15 kgf with an indenter of 2.5 mm of diameter has been applied during 60 s 
resulting the following hardness for the tin (fineness of 99.9 %): 
5.65 HBS 2.5/15/60  
Considering the hardness of the material employed it is possible to approximate reference values of indentation 
forces as a function of indenter diameter and diameter of indentation. This information is required to determine the 
forces in testing machine. 
3.2. Tools and testing machine 
The machine used for indentation and ball rolling test is a machining center Tongtai TMV-510 with Fanuc 0i 
controller. The tin plate has been screwed on a dynamometer Kistler 9257B with 5070 control unit. In order to 
obtain reliable results, a face milling was performed on the tin plates due to the roughness of the surface from 
casting (Figure 5). 
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Two ball rolling tools have been manufactured in two diameters: 15 and 20 mm (Figure 4). The tests have been 
carried out with 15 mm tool. 
 
Fig. 4. Sketch of ball rolling tool 
A linear rolling cycle has been programmed as follows: 
 
1. z axis penetration from the reference plane (surface of the tin plate). The maximum stroke on z axis was 
determined calculating maximum z load from equation (1). 
2. Keeping z fixed, a point to point command is executed for each penetration value (Figure 5). 
 
This cycle was repeated for z values of 0.1; 0.2; 0.3 and 0.35 mm. 
 
 
Fig. 5. Linear rolling test with the tin plate mounted on dynamometer. 
4. Results 
The loads xyz were recorded by the dynamometer during the linear rolling test. The loads are indicated in N as a 
function of the time of cycle t. For the four values of penetration tested (0.1; 0.2; 0.3 and 0.35 mm), the 
dynamometer records loads during 25 seconds of linear movement. The results corresponding to the linear rolling 
cycle with a depth of pass of 0.1 mm are shown in Figure 6. During the penetration stroke, only the force along z 
axis increases. When the linear rolling movement starts, the forces along y and z axis increases. The increment of 
material displaced in front of the rolling ball produces increased forces in z direction. After a while the force in z 
tends to remain constant.  
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Fig. 6. RMS values of loads vs time (0.1 mm pass) 
Figures 7, 8 and 9 show the root mean square values of xyz loads for the values of depth 0.2, 0.3 and 0.35 mm. 
The values of loads are given in N and the time of cycle in s.  
As expected, the loads along y and z axes increase with depth of pass, with a force along the x axis close to zero 
but nonzero due to possible misalignment of the dynamometer. In these tests it is noticed that, in the first step of the 
cycle (penetration), z force increases rapidly. Then, rolling forces also increase after penetration movement due to 
the increment of material in front of the rolling ball that produces increased forces in z and y. In this case there is not 
strain hardening, taking into account the recrystallization temperature of tin. Later, forces tend to remain constant. 
The ball-rolling incremental forging process shows that the lateral forces applied on the tool during the 
deformation of the surface are lower than the axial penetration forces and there is no z axis displacement during the 
rolling incremental forging process. 
 
 
Fig. 7. RMS values of loads vs time (0.2 mm pass) 
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Fig. 8. RMS values of loads vs time (0.3 mm pass) 
 
 
Fig. 9. RMS values of loads vs time (0.35 mm pass) 
5. Conclusions 
The efficiency analysis of the incremental forging process of flat surfaces by means of different tools shows that 
the displacement of material is easier when using spherical-end tools and particularly with hemispherical tools (ball-
end tools). With ball end tools it is possible to form the surface with lower axial forces. 
Moreover, the ball-rolling incremental forging process shows that the lateral forces applied on the tool during the 
deformation of the surface are lower than the axial penetration forces. Since during rolling there is no displacement 
along z axis (penetration of tool) the rolling process is more efficient and consume less energy. 
In addition, using standard CNC machines, incremental forging processes provide more flexibility and better 
process control. It is also possible to control the local deformation that produces hardening of the material and better 
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grain structure. Moreover, despite the high local loads applied on the tools, these processes can be carried out in 
lighter machines with simpler and smaller tools. 
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